This research evaluates a recently developed comprehensive 2-D GC coupled with a time-of-flight (TOF) mass spectrometer for the potential separation of 209 PCB congeners, using a sequence of 1-D and 2-D chromatographic modes. In two consecutive chromatographic runs, using a 40 m, Rtx-PCB column and a 1 m DB-17 column, connected in tandem, 196 PCB congeners are distinguished, including 43 of the 46 pentachlorobiphenyl isomers. Some of the chlorinated biphenyls that could not be resolved chromatographically are resolved with the use of the "ortho effect," which distinguishes PCB isomers having 2,2"-; and 2,2"6-chlorine substitution from those isomers without these substitutions. The result of this work falls short of our goal of separating all 209 PCB congeners, but still provides investigators with a new tool for a better front-end separation of PCB-specific congeners, and potentially, for use in acquisition of more accurate data.
Introduction
Chlorinated biphenyls (CBs), or polychlorinated biphenyls (PCBs), are comprised of 209 distinct chlorine-substituted biphenyl structures (congeners). Ten isomeric groups of congeners exist with varying degrees of chlorination (see Table I ). Approximately 140 to 150 of the 209 PCB congeners listed in Table II , were found in the complex mixtures (Aroclors) that were used commercially in a variety of applications, including heat transfer and hydraulic fluids, dielectric fluids for capacitors, and as additives in pesticides, sealants, and plastics [1] [2] [3] . The dispersion of PCB congeners in the form of the Aroclors by uncontrolled release into the environment, their long-term stability, and possible toxicity, together caused concern for their biological and "dioxin-like, co-planar PCB congeners" that exhibited high toxicity [4] . Originally, the noncoplanar PCBs were considered the most toxic because they were present in much greater abundances. Later, the "coplanar" PCBs were found to have dioxin-like toxicity, and received the most attention. It appears that the toxicity of the noncoplanar PCBs has been re-emphasized because most noncoplanar congeners with ortho chlorine substitution were also found to be toxic in mammalian brains [5] [6] [7] . The most toxic coplanar PCB (#126, or 3,3",4,5,5"-pentachlorobiphenyl) was known to coelute with 2,3,7,8-dibenzo-p-dioxin [8] , and with PCB (#159 or 2,3,3",4,5,5"-hexachlorobiphenyl) in environmental samples using the DB-XLB phase.
High resolution mass spectrometry (HRMS) was usually required to resolve PCB 126 and 2,3,7,8-dibenzo-p-dioxin, when both were present in environmental samples in varying concentrations [9] . Tandem mass spectrometry (MS/MS) can also be used for distinguishing dioxins from PCBs. Dioxins can lose ·COCl whereas PCBs can only show chlorine losses. To permit congener specific environmental analysis of the PCBs, scientists invested considerable research effort towards optimizing the gas chromatographic conditions and techniques required for separations on various capillary columns [10] [11] [12] . Frame, et.al., have published work on 20 different capillary columns with various stationary phases [12] . Their work provided a database of retention time information for various columns that analysts could use as a reference for PCB column choice and methodology. More recently, Reiner et al., and Cochran demonstrated the use of fast gas chromatography coupled with time-of-flight mass spectrometry for the analysis of PCB congeners [13, 14] . Their work demonstrated the use of narrow bore capillary columns and the fast data acquisition rates (50 spectra/s) of a time-of-flight mass spectrometer (TOFMS) for the identification of PCB congeners in minimal analysis time. Taking advantage of the full mass range data acquisition of the TOFMS allowed for peak identification and spectral deconvolution of overlapping peaks present in the mixtures.
The Contract Laboratory Program (CLP) that provided analytical support for Superfund, measured PCB congeners in commercial, or environmentally altered mixtures, using high resolution gas chromatography (HRGC), combined with detectors such as the electron capture detector (ECD), and high resolution mass spectrometer (HRMS) [4, [15] [16] [17] . The GC/ECD was unable to distinguish target compounds from many interfering, co-extracted impurities [18] . Great Lakes, and selected inland lakes in the United States [19] . There were many other examples of similar coelutions in the literature, depending on the column phase and experimental conditions [2, 3] . The resulting combined congener values increased the difficulty of defining exposure, and of making ecosystem health assessments.
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In recent years, comprehensive two-dimensional gas chromatography (GCxGC) or 2D-GC was successfully coupled to TOFMS for a variety of complex sample analyses, such as chlorinated hydrocarbons, and mixtures of environmental analytes [20] [21] [22] [23] [24] [25] . A review of comprehensive two-dimensional gas chromatography by Beens and Brinkman in 2005 showed that the separation of chlorinated biphenyls in fish extract, using GCxGC without the necessary summing software for several modulations per analyte, was much improved compared to 1D-GC separation [26] . A goal of this study was to attempt to separate and unambiguously distinguish all of the 209 chlorinated biphenyl congeners in two different chromatographic runs using 1D-GC, with the thermal modulator deactivated in the first run and activated in the second run for
GCxGC is a relatively new technique [27] , yet to be adapted by the CLP program. Since its inception, many researchers have published reviews and experimental results for a variety of complex samples using GCxGC-ECD or GCxGC-µECD, and more recently GCxGC-TOFMS [8, 20, 21, 24, 28, 29] , due to the complex nature of a single run in the 2D chromatographic separation method, their studies have not sufficiently resulted in the transfer of the 2D-GC technology to the commercial industry.
Experimental
The GCxGC-TOFMS instrument used for this experiment was the liquid nitrogen quad- 
Materials and method
Two hundred and nine certified standard solutions of individual chlorinated biphenyls were used for this study (see Table II ) and were purchased from AccuStandard, Inc., (New In GCxGC-TOFMS, the injected sample was transferred from the first column into the second column, aided by means of a thermal based modulator. The GCxGC column configurations as used here, consisted of a long first dimension (1D) column, at 40m in length 13 and containing a proprietary phase that separated compounds based upon their volatility, i.e., with retention times increasing with compound boiling points [30] . A nonpolar phase GC column was connected with a press-fit connector (Varian universal quick seal, VarianChrompack, Palo Alto, CA, USA) serially to a second, but shorter (about 1m), polar phase GC column. After several temperature program cycles, a DB-17 GC column was determined to be optimal for the PCB separations due to its thermal stability (280 o C) at the GCxGC-TOFMS interface.
The modulator period was 4 s with the hot-pulse duration set at 1200 ms and the cool time between modulation stages set at 800 ms. When a 2D run was begun, the modulator operated throughout the entire analysis and performed uninterrupted trapping and releasing of the effluent from the primary column. The GCxGC-TOFMS system may also be operated in the 1D mode by deactivating the thermal modulator. The functions of the thermal modulator have been described elsewhere [8, 27, [31] [32] [33] . Data was continuously acquired by the high speed detector (TOFMS) and deconvoluted by commercially available software (ChromaTOF ® ), that came with the instrument, which generated contour plots, as well as 3-dimensional chromatograms, based upon the user defined modulation period. The TOFMS detector was utilized because the fast chromatographic technique that generated multiple narrow peaks from the short secondary column, required a fast scanning detector, capable of producing sufficient data points to accurately define a chromatographic peak, and to deconvolute nearly overlapping peaks. The first GC run used both columns in the GC configured in a one-dimensional mode of separation (with the modulator turned off) to define where more separation using the 2D mode of separation (with the modulator turned on) was needed. The second GC run was configured in a twodimensional mode of separation, to distinguish some of the most difficult to separate coeluting 14 PCB congeners. Successful separation and measurement of specific PCB congeners held potential for significant improvements in estimating environmental exposure to PCB congeners and toxicological evaluations of PCB congeners in biological tissues.
GCxGC-TOFMS analysis of chlorinated biphenyl congeners
The GCxGC-TOFMS chromatographic conditions were optimized as follows: initial primary oven temperature containing the first column was set at 70 o C held for 0.5 min, ramped at 
Relative retention time and mass spectral library for all 209 PCB congeners
In this research, one PCB congener was taken from each homologue group to create a solution. and chlorine isotope cluster. As each run was completed, the file was manually transferred to a dedicated workstation computer, for post acquisition data processing, while the instrument dedicated computer system continued to acquire raw data. In this way, using the same chromatographic conditions, several runs were made each day, and retention times and mass spectra were archived for all of the congeners. Some of the data acquired with 50 scans/s in the 1D chromatographic mode were resampled using the default data resampling function of the instrument to smooth the data.
During a preliminary chromatographic run of the first solution containing mono through deca chlorobiphenyl congeners, in the 1D mode, it was noticed that there was a sharp decrease in peak signal or intensity from the early eluting PCB congeners to the later eluting ones, with decachlorobiphenyl"s ion chromatogram being extremely small. Due to the fact that this TOFMS is equipped with a post acceleration system, we therefore attributed this phenomenon to the decreasing molar concentration for a given weight of sample, as the molecular weight increased, and the larger number of fragments of the more highly chlorinated PCB congeners, resulting in more ions with low intensity. It thus became necessary to adjust the concentration of each component within the ten chlorination levels or first solution of ten PCB congeners. This achieved approximately equivalent signals for each component by increasing the concentrations of the later, higher molecular weight eluters. Also, to raise the sensitivity level for the purpose of detecting higher masses, auto-tuning was performed using m/z 414 from perfluorotributylamine (PFTBA) instead of the default m/z 69.
Analysis of the 209 polychlorinated biphenyl mixture in the 2D mode
A combined solution of 9 ampoules containing a mixture of all 209 PCB congeners at adjusted concentration of 6 ng/µL (AccuStandard, New Haven, CT, USA), was analyzed using two different separation modes -1D and 2D chromatography.
Experimental conditions were the same as previously described above. The versatility of the 2D chromatographic mode in this research was of major importance because it was used to separate additional pentachlorobiphenyls to the 188 congeners that were distinguished using the 1D chromatographic mode. It may be optimized and used for the separation of those congeners previously or partially separated in the 1D chromatographic mode for isomers with great concentration differentials. 
Results and discussion
The chemical identity of all PCB congeners rested primarily on the accuracy of the individual labeled ampoules supplied by AccuStandard Inc. (New Haven, CT, USA), for the creation of our mass spectral library. However, all individual PCB congeners were also verified by mass spectrometry as providing ions consistent with Table I , and as having the correct chlorine isotope clusters. Only 140 of the PCB congeners were available in the National Institute of Standards and Technology (NIST "05) mass spectral library [34] . The information recorded from the acquired full-scan data was used to create a new mass spectral library for all 209 PCB congeners. The intensities of key ions from this newly created mass spectral library were compared with those from the mass spectra available in the NIST "05 library. This 209 congener library provided an opportunity to include and test another parameter relating chemical structures and the mass spectra, with the potential to help distinguish isomers. This was the mass spectrometric "ortho effect" observed for chlorinated biphenyls having 2,2"-; and 2,2",6-chlorine substitution, and to a much lesser extent, 2,2"6,6"-substitution [35] [36] [37] [38] . This effect showed itself as an increase, for the above ortho substituted isomers and congeners, of the chlorine cluster resulting from the loss of the first chlorine (M-Cl) + relative to the chlorine cluster containing the molecular ion, M +. . PCBs having 2,6-di-ortho substitution on the same ring, or no ortho substitution at all, showed quite different spectra, with no or very small losses of the first chlorine. All standards were therefore also checked for consistency of the structure with the presence or absence of the expected "ortho-effect," and with the spectra present in the NIST "05 Library. As a result of this cross-checking, it was also observed that congener IUPAC number 99 (2,2"4,4"5-pentachlorobiphenyl), yielded an "ortho effect" consistent with 2, 2"-chlorine substitution for our standard (20%), but inconsistent with the value in the NIST library (1%), that would be characteristic of no ortho, or 2,6-di-ortho substitution. Similarly, congeners 19 and 41 were found to be in error. We believe these library spectra were mislabeled, as revealed by our complete PCB library. The GC retention properties of the standards were also checked against several literature references [12, [39] [40] [41] . For this comparison, a few earlier structural assignments were corrected to the modern IUPAC numbers [42, 43] . The structures and retention properties for all 209 congeners were listed in Table II .
Of the 209 possible PCB congeners, the 1D gas chromatographic mode of separation was able to distinguish 188 PCB congeners from their distinct GC peaks, and from the use of selected ion current profiles, or mass chromatograms, for resolving coeluting congeners with their different molecular weights. Most of the coeluting isomers were from the 46 isomeric pentachlorobiphenyls, and these were arranged in order of their elution in Table III Therefore, the five pairs could not be separated in the 1D chromatographic mode, but were identified by their retention times from their individual 1D chromatographic runs of the authentic standards in Table II . The members of the pairs (83 +119) and (86 +112) were also distinguished from each other by use of the mass spectrometric "ortho effect," the contrasting values of these were also given in the right hand column of Table III . Eight of the ten pentachlorobiphenyl isomers that could not be separated by 1D, were separated by 2D (Figure 1 ). The 2D chromatographic run also showed separation of penta isomer 125 from isomers 86 and 112.
Table III. GC Elution (1D Mode) and MS "Ortho Effect" of the Forty-six Penta CBs
The remaining two penta PCBs with IUPAC numbers 90 and 101, could not be separated with the 2D mode. Because both of these penta isomers had 2,2"-ortho substitution, their respective "ortho effects" were also too similar to allow them to be distinguished. However, the 2D separation mode distinguished the tetra isomers 55 and 80. Difficulty was encountered in the separation of a pair of dichlorobiphenyls. However, as illustrated in Figure 2 , PCB congeners numbers 4 and 10 (2,2"-and 2,6-dichlorobiphenyl, respectively) were ultimately distinguished by taking advantage of their "ortho-effect" (38) . The 2,2"-dichlorobiphenyl had a higher abundance of the m/z 187 (M-Cl) + ion relative to the molecular ion at m/z 222. This fragment was not nearly as significant in 2,6-dichlorobiphenyl, where the two ortho chlorines were on the same ring. Note, there was partial resolution in this case. For complete coelution, if the magnitude of the "ortho effect" were known for each isomer, and were sufficiently different, it would be possible to estimate the relative concentrations of each isomer present. For example, if equal concentrations of each isomer were present, the observed "ortho effect" would be expected to be half way between the two values.
It was observed that the PCB congener retention times in the 1D chromatographic mode were different by a few seconds from those of the 2D retention times due to the modulation effect. Based on our analytical conditions, as stated previously, the isomeric peak separations 
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The early elution of these potential interferences would leave the analytes of interest in a purer form, resulting in more accurate full-scan library identification. This tool may prove very useful for the identification of individual PCB congeners in extracts of complex mixtures such as sewage treatment plant sludge, or river sediments. Table IV shows 18 PCBs that were not distinguishable using the 1D chromatographic mode and three of these 18 PCB congeners were additionally distinguished from their isomers, using the "ortho effect." This further raised the numbers of distinguishable PCB congeners by three. As indicated earlier in this paper (see Figure 2 ), PCB isomers 4 and 10 (2,2"-and 2,6-dichlorobiphenyl, respectively) were distinguished by their "ortho-effect," and this also increased the total number of distinguishable congeners by one. In spite of the use of the GCxGC-TOFMS, not all of the congeners were distinguishable. The 2D chromatographic conditions permitted the separation of most of the pentachlorobiphenyls, but this was found to be at the expense of resolving the tetrachlorobiphenyls (e.g. IUPAC #62 and #65). It was necessary to optimize the system for those separations of interest. Based on these experiments, GCxGC-TOFMS provided more complete separation of isomeric PCBs that were unresolved after the 1D mode was used. Even though not all 209 PCB congeners [33] were chromatographically resolved, the use of the 2D chromatographic mode provided superior data for assessing the risk posed by a complex mixture of PCBs. We believe that complete separation of all 209 PCB congeners may eventually be achieved by two consecutive GC runs and with the advent of enhanced columns and different chromatographic conditions, optimized to resolve the most difficult to separate PCB isomers or congeners. * This isomer can be distinguished from other coeluting isomers by the "ortho effect." The penta isomers were given previously in the text and figures.
More chromatographic work and superior deconvolution software may be needed to take full advantage of this promising technology for isomeric compound separations. The authors used the default data resample feature of the software to resample large data files to reduce the file size and better define chromatographic peaks, which resulted in enhanced peak separations.
Conclusion
In light of recent scientific findings that non-coplanar PCB congeners were also culpable in human health deterioration, as well as planar PCBs, we felt it was important to develop a method that would potentially separate all possible PCB congeners, which would be ready for use on demand. It would be highly unlikely for all congeners to be simultaneously present in any given environmental sample, e.g., heavily chlorinated biphenyls with all chlorines on one ring and none on the other ring would be inconsistent with the known electrophilic method of preparation of the Aroclors. However, these or other non-Aroclor PCB congeners, could result from different processes. Because we have examined all PCB congeners, this study has included all those that were found to be ubiquitous, toxic, or potentially toxic. This study considered all congeners that would result from all possible routes: intentional, or incidental, chlorinated biphenyl syntheses, e.g. coupling reactions, and as byproducts, and environmental alteration products by selective vaporization or absorption, and reductive dechlorination during metabolism, photochemical reaction, combustion, and chemical remediation [44] [45] [46] [47] . Rather than rely on the common method of total or combined PCB quantification, or the electron capture detector (for high sensitivity), this study employed technology that provided excellent separation of 196 PCB congeners that were either present in, or absent from Aroclor formulations. Indeed, the need to overcome the challenges of individual PCB congener separation, in not more than two chromatographic runs, remained an approachable, but not yet achieved goal. The quest for a congener-specific analysis of all PCB congeners in complex environmental mixtures, without sacrificing separation quality, is on-going and this paper presents a step towards this goal.
